This paper analyses how delayed participation by regions can affect international climate regimes in terms of the feasibility, costs, timing, magnitude and nature of the long-term mitigation response. We use the energysystems optimization model MESSAGE to construct several climate change mitigation scenarios with various levels of regional participation in short-to-mid term. By comparing these with a global scenario that assumes full spatial and temporal flexibility throughout the century, we are able to evaluate how participatory decisions affect the mitigation response as well as the costs and technology choices. We find that short-term postponement of participation from some regions can often lead to a delay of mitigation measures on the global level. However, if the regional delay lasts until mid-century, participants of the regime are likely to increase their efforts in the short term. Mitigation costs are found to substantially increase as a result of delayed participation-the extent of the increase depends on the relative importance of the region that postpones its participation, the stringency of the climate target and the ability to reorganize mitigation measures. Our analysis also shows that a region's decision to delay its participation in an international climate regime can lead to accumulated inertia in its energy system and thus to a delayed 'technological transition' toward a low-carbon future.
Introduction
The UNFCCC [1] lead to the development of an international climate regime and established differentiated commitments for industrialized and developing countries. This was followed by the Kyoto protocol that mandated reductions for industrialized countries. However, the withdrawal of the USA from the Kyoto agreement and the continued non-binding stance adopted by developing countries has lead to speculation on how such participatory actions of the involved parties affects the costs and feasibility of international climate regimes. While an international cooperative and voluntary agreement to curb global greenhouse gas (GHG) emissions is still the most cost-effective way to combat climate change, in practice, it is complicated because of free-riding incentives and strong economic and environmental asymmetries between the actors.
The central issues to accepting binding commitments under any climate agreement involve equity and economic growth. Developing countries have, so far, rejected any binding commitments on the basis of historically low contributions to the current emissions burden as well as that to comply with such stringent regimes implies constraints on economic growth. This is especially an issue in countries like China, which is experiencing high economic growth and is projected to do so for the next few years. In addition, some of these regions are heavily endowed with fossil resources and the shift to low-emissions alternatives implies large investments into energy infrastructures, which compete with other pressing financial needs in these countries. The non-participation of industrialized countries (e.g., the US withdrawal from the Kyoto agreement) is also related to equity debates and the non-obligatory stance adopted by the developing countries.
An ideal fully global climate regime is today confronted by the reality of an 'incomplete' one in which certain countries adopt a wait-and-watch policy, while others accept and comply with emissions reduction commitments. There have been many studies related to climate agreements, including penalties and legalities in climate agreements [2, 3] , reconsidering the stringency of the long-term climate target [4] , and game theoretical approaches on cooperation for climate control [5, 6] . However, in general, most long-term climatepolicy studies ignore the important aspects of potential uncooperative behavior 1 and free riding [7] . They mainly assume full global flexibility in the mitigation response (a discussion on the possible implications of this assumption is published [10] ) or study postponed regional action from the perspective of predefined burden-sharing rules and global emissions paths [11] [12] [13] [14] . Therefore, such climate policy studies mainly either present results for a fully when-and-where flexibility case in which the timing and distribution of mitigation efforts are based on a global cost-effective solution or, alternatively, determine the mitigation and emissions paths based on predefined burden-sharing rules without real when-and-where flexibility (i.e., the global emissions path for reaching a given climate target is not an optimized result, but a predefined input).
The main problem with studies that present the optimal results of a policy is that such a policy is only optimal if, in fact, all parties enact it. As with other uncertainties, such recommendations may not be robust if we take into account the fundamental political uncertainty that underlies international climate agreements [4] . Emissions trajectories and mitigation analysis based on predefined burden-sharing rules, while being relevant to address short-term policy decisions, are often inflexible with regard to the timing of emissions reductions. In this context, it has become necessary to try and devise climate mitigation frameworks that, while accounting for the possible non-participation of regions in a climate regime, still offer the flexibility for regions that participate in such regimes to cost-effectively distribute the emissions reductions over time. This approach has the advantage of still leading to a cost-optimal emissions pathway, even when non-participatory actions are taken into account.
In a first step in such a direction, here we analyze the case in which certain regions choose to delay their involvement in specific mitigation efforts until a given time period and the effect this has on the feasibility, costs, timing, magnitude and nature of the mitigation response. Delayed or non-participation of certain large emitters in a global climate regime not only has serious implications for the overall effectiveness and feasibility of the policy, but also potentially affects the behavior of the participating regions. The rapidly increasing emissions in most developing countries imply a much larger share in the global burden in the future (as compared with industrialized countries) and hence their refusal to accept any binding agreements may lead to non-participation of developed countries as well. It is unclear whether the participating regions would try to compensate for the increased emissions from the non-participating region or, alternatively, postpone further reductions until later when all the regions contribute to the effort. In addition, given global trade flows and technology transfers, delayed participation of a region also has implications for the region itself, in terms of its individual costs, technology choices and trade patterns.
We do not examine either the reasons for non-participation or the possibilities for ensuring compliance and participation. 2 It is important to emphasize from the outset that this not an innovative tool to deal with issues of participation and compliance, that is, we do not investigate the political motivation for such actions and nor do we propose mechanisms to ensure participation. We mainly present a sensitivity framework for a wide range of scenarios with limitations on the spatial and temporal mitigation flexibility and in which the uncertainties that concern regional participation are considered in a stylized manner. We then compare and contrast the resulting emissions, costs and technology choices with those from scenarios in which fully flexible global participation is assumed. In that sense we go beyond the majority of the global scenario literature, which has traditionally assessed the implications of climate stabilization from a full 'when-and-where' perspective or with predefined mitigation paths and burden-sharing rules. Instead, we estimate the technological and financial consequences of a temporarily limited 'where' flexibility for a large number of regions. The wide range of emissions scenarios that we consider with different assumptions concerning the baseline-dependent socio-economic assumptions, stringency of the set climate targets, regional level of cooperation in the climate regime and the duration of the postponement of participation provides us with a comprehensive basis for a sensitivity analysis. We can thus make robust conclusions concerning the effects of the delayed action of chosen regions in a global mitigation scheme.
Case study setup and main assumptions
This study uses the MESSAGE model [18] , a perfect foresight systems-engineering optimization model used to describe an energy system with all its components, ranging from resource extraction to the end-use level. The model has been constantly expanded and recently non-CO 2 GHGs were included within it [19] . The model has a rich, bottom-up technology database that is used to describe the energy system from the resource extraction to the consumer. Mitigation options related to land use are also included in the modeling framework (also discussed in this Special Issue [20] ). Fig. 1 indicates the world divided in 11 regions according to the MESSAGE model. In addition to this, a further aggregation into four regions is shown. We use the regional abbreviations shown in Fig. 1 throughout this paper.
The baseline scenario is an important part of any scenario-based analysis as different baselines have different implications for mitigation needs, dynamics of technological change and fossil fuel availability (a description of the scenario families is given in a previous issue [21] ). We analyze two baseline scenarios, A2r and B1, described in detail in this Special Issue [20] .
3 Table 1 shows the basic indicators of these two baseline scenarios.
In addition to differences in the baselines, the severity of the climate target can be expected largely to influence the mitigation response and the non-participatory regimes. To examine such effects, we develop an analysis with multiple mitigation scenarios based on the following combinations of baselines and CO 2 equivalent concentrations, 4 and which correspond to the following temperature changes at the end of the century (measured at a climate sensitivity of 2.5°C):
• A2r-660 (660 ppm, 2.3°C) • A2r-850 (850 ppm, 2.9°C) • B1-510 (510 ppmv, 1.6°C) These scenarios have full when-and-where flexibility, as the constraints are formulated in terms of global cumulative CO 2 -equivalent emissions between 2000 and 2100. This means that there are no predefined regional or global emissions pathways and the only criterion is that the cumulative limit is not exceeded during the century. In addition, these scenarios represent optimum or cost-efficient mitigation Fig. 1 . The 11 world regions in MESSAGE. 3 The scenarios analyzed in this paper are broadly based on the same socio-economic, demographic and technology assumptions as summarized in this Special Issue [20] , but, because of the large number of sensitivity runs required, we concentrate mainly on the MESSAGE modeling framework and omit the macroeconomic feedback component. Thus our numerical results differ slightly from the corresponding scenarios of the Riahi et al. analysis [20] . Although land use, non-CO 2 GHG emissions and local pollutants are a part of our scenarios, as detailed in this Special Issue [20, 22] , we do not comment on them here. 4 Inputs and implications for climate-related variables are given in this Special Issue [20] .
structures that assume full global participation of all regions. This efficient mitigation strategy implies that an emissions trading scheme is present and emissions reductions are always made where and when they are cost optimal. The current setup can therefore be interpreted as a mitigation regime with international emissions trading without transaction costs. However, since we do not use any burden-sharing rules to define which regions are buying permits and which ones are selling, we do not model the monetary flows that results from this trading scheme. We also do not account for changes in economic welfare that may occur through the increased revenue from such trading. In addition, demands are inelastic to price changes, which could imply higher mitigation costs compared with price-responsive structures and also, to some extent, limits to the possibility of even more stringent mitigation scenarios. However, lower energy-system costs because of lowered demand may also imply additional investments on the demand side, which may reduce this difference to some extent. For compactness and simplicity, we chose to concentrate mainly on the A2r baseline scenario and the A2r-660 mitigation scenario in this analysis and only present results from the other scenarios wherever relevant.
To conduct a sensitivity analysis on how such efficient global regimes are affected by the delayed participation of certain regions, we construct a number of mitigation scenarios based on certain regions choosing to stay out of the regime until a given year. For the cut-off points, after which the non-complying region joins the mitigation scheme, we use the years 2030 and 2060. 5 It is important to keep in mind that in our setup no region stays out of the mitigation regime forever; it simply delays its joining for a certain period. Table 2 shows the combination of scenarios that we ran, as well as the identifiers used for the scenarios.
We name our scenarios by using the abbreviation of the non-participating region and adding the identifier shown in Table 2 , derived from the final year of non-participation (3 for 2030 and 6 for 2060). For example, NAM3 (North America delays its participation until 2030 with A2r as the baseline under a climate target of 660 ppm CO 2 -eq), CPA6a (centrally planned Asia and China delay their participation until 2060 with A2r as the baseline under a climate target of 850 ppm CO 2 -eq) or ASIA3b (ASIA delays its participation until 2030, with B1 as the baseline under a climate target of 510 ppm CO 2 -eq). For the key indicators of all the non-participation and full-efficiency mitigation scenarios, see Appendix A. In our methodology, the temporary non-participation of a region always represents movement away from the least-cost mitigation scenario. 'Emissions trading', as defined before, is still available for the regions that participate in the mitigation regime, but no mitigation efforts occur in the regions that do not participate (i.e., we do not include any technology transfer or CDM-type instruments in our setup). As a result, the regions that delay their participation follow their baseline emissions pathways until the time period they join the regime. This delay, in effect, means that the full where-and-when flexibility of emissions reductions no longer holds, as the possibility of emissions reductions is not available to non-participating regions for a particular period of time. However, there will be no increased emissions (above the baseline) in these non-participating regions either, since the perfect foresight of the model together with the nature of the cumulative emissions constraint also encourages these regions to keep their emissions no higher than in the baseline. After a region joins the mitigation regime, it fully participates in the emissions trading (i.e., there are no penalties for its delay). Under imperfect foresight, a region might have higher emissions than in the baseline as it does not foresee its eventual participation and may increase its consumption of emission-intensive fossil fuel because the lower demand for these fuels in the participating regions leads to a corresponding decrease in global fuel prices.
Under this temporarily incomplete climate regime, the participating regions may decide to further increase their mitigation efforts and thus 'make up' the mitigation gap caused by the non-participation of a region. Alternatively, because the emissions constraints are cumulative and global, they can decide to postpone the additional mitigation needed until later, when all regions are again participating in the regime. This decision as to whether to redistribute the lost mitigation temporally, spatially or both depends strongly on how difficult it is to reach the given climate target, defined in terms of cumulative global emissions over the century. Importantly, the long-term target that has been set has to be met and is not reconsidered even if some regions do not enter the regime from the beginning. 'Inf' means the scenario was infeasible (i.e., the mitigation target was not reached), and 'n.a.' that the particular combination was not explored. For the definitions of regions, see Fig. 1 .
As shown in Table 2 , we explored in total 32 different feasible non-participation scenarios, and to present the full analysis for all of them individually is not an option here. For purposes of clarity, we use scenarios NAM3 and CPA3 as our main examples, but offer additional insights from the other scenarios whenever appropriate. We choose these two scenarios mainly because they allow us to estimate the short-term effects on a mitigation regime that result from the postponed action of an important region. These two regions can be considered as important from the perspective of any climate regime, since the USA (included in the region NAM) is the largest economy in the world and responsible for a sizable share of the global GHG emissions. CPA, on the other hand, includes China, which is among the fastest growing economies in the world and its GHG emissions are expected to double from 2002 to 2015 [23] . Furthermore, China is also considered to have a large potential for emissions reductions. Neither of the two main countries in the chosen regions is a participant in any current international climate agreements that contain emissions reductions with binding limits.
The main three research questions we try to address are:
(1) What effect does the regional postponement of participation have globally on the temporal and spatial distribution of mitigation efforts? (2) Will regional non-participation have an effect on the development of energy structures, either in terms of direction or timing? (3) What is the cost effect of regional non-participation on the global scale?
Results
In this section, we present results on the effects of the different mitigation regimes when compared with the 'full efficiency' mitigation scenario. We look into how participation actions affect the costs, timing, magnitude, feasibility and nature of the global mitigation response. Special attention is paid to the shortterm implications of delayed participation, given a long-term climate target. Fig. 2 presents the emissions paths for A2r, A2r-660 and A2r-850, as well as for the range of regional non-participation scenarios. We observe that the short-term delay in participation does not produce a very pronounced long-term difference compared with the regime with global participation (A2r-660). However, long-term non-participation tends to produce only relatively small divergence from the fullefficiency case in the short term. This indicates that the effect of a partly delayed participation in the latter scenarios is dominated by the certainty of a stringent climate target and complying regions, therefore, often tend to increase their efforts. To some extent, this result is a natural outcome of our modeling methodology and the assumptions of perfect foresight. In the real world, we would expect a climate stabilization target over a period of 100 years to either be a dynamic one or be translated into specific regional emissions commitments (as in the Kyoto protocol) that could be renegotiated. 6 Another observation is the effect of temporary non-participation on the feasibility of the climate target imposed. 8 If the delayed action from a particular region leads to an unfeasible mitigation target, this implies that the defined climate target requires the participation of this region. Our results, however, indicate that no single region (or aggregated region) has such an effect, at least not with the selected targets and timelines for postponed participation. The only scenarios that prove to be unfeasible are the GLOBE6 and GLOBE6b (i.e., the scenarios in which action is delayed globally until 2060). Since an infeasible scenario occurs only when the formulated optimization problem is infeasible, this result indicates that, if mitigation is postponed this far in these scenarios, no amount of additional cost can make it possible to achieve the targets. However, this result also indicates that postponement of action or delayed compliance is a question of costs alone in all the other feasible cases and the given target is, at least technically, attainable. Scenario assumptions concerning uncertain parameters, like technological progress, population growth or economic trends, can, of course, affect these results and different assumptions might lead to different conclusions. Fig. 3 shows the contribution of each region to the total mitigation effort to the years 2030 and 2100 in the full efficiency A2r-660 scenario. It seems clear that under an optimal mitigation scheme the developing countries remain prominent contributors to mitigation efforts from the start of the global regime. We also see that the regions NAM and CPA together are responsible for 45% of the emissions reductions achieved to 2030 and still almost 40% by the end of the century. The combined ASIA region (SAS + PAS + CPA) already contributes close to 40% to the mitigation efforts in the short term. Postponement of participation by these regions in the mitigation regime is likely to cause considerable changes in the global energy system, in both the short and long term. Global warming potentials have been used to translate non-CO 2 GHG emissions into CO 2 equivalent emissions. More on the methodology and values used is given elsewhere [19] . 8 Our definition of feasibility is closely related to the amount of inertia gathered in the energy system through non-compliance and whether this inertia is too large to meet a climate target. This means that we define it in terms of whether the optimization problem has a feasible solution or not, and we do not make any estimates on whether the costs, burden sharing or technological changes of the system would be possible to implement in real life, politically or otherwise.
Emissions and mitigation
An important point is that in this analysis we do not explicitly establish how the costs of mitigation are distributed among regions. The full 'where-and-when' flexibility of our model means that reductions are always done where it is optimal to do them. This optimal distribution of mitigation corresponds to a mitigation regime with emissions trading without transaction costs. However, we make no assumptions on the burden sharing (i.e., regional caps) and therefore do not make any arguments on how mitigation costs are distributed among regions.
Delayed participation of one of the regions is likely to change the mitigation strategy of the other (participating) regions. However, the timing of participation is an important determinant of how the remaining regions respond to this. The short-term mitigation efforts and their distribution of the burden between regions for the various scenarios are presented on the left panel in Fig. 4 . For cases in which nonparticipation lasts up to 2030, we find that the global cumulative mitigation remains below the levels of the full-participation scenario A2r-660. In other words, the participating regions do not compensate in the short term to the extent of mitigation achieved globally in A2r-660, since they are aware that the nonparticipating region will become part of the mitigation effort at a later stage. However, this means that, since fewer reductions are made globally during the first three decades, increased global efforts are needed later during the century. Thus, we conclude that the short-term delayed participation by a region in a global mitigation scheme does not automatically imply a simultaneous increase in mitigation efforts by the participating regions, but does lead to an increase in the required mitigation efforts later on. This emphasizes the importance of a wide participation of nations in any global mitigation scheme to build the depth and breadth necessary in the long term to address the climate problem in meaningful ways [24] .
Non-participation of a region for a longer period of time, however, can lead to very different outcomes. As the right panel of Fig. 4 shows, if the complying regions do not expect participation of the noncomplying region during the first half of the century, then emissions reductions in the short term are much higher than for a briefer period of non-participation-in several cases, the global reductions are even above the levels of A2r-660. In these cases, the emissions target can no longer be reached if no additional efforts are made in the short term by the participating regions and, because of this, mitigation levels close to or above of those experienced in A2r-660 are observed. To some extent, the delayed participation until 2060 by one region changes the decision of postponement of mitigation on the global level from one of cost minimization to one of feasibility. In other words, the results indicate that, if some regions delay their efforts into the second half of the century, this might mean that, unless other regions try to increase their efforts to cover up this 'mitigation loss', the final target might remain out of reach. Since, in the real world, there is no 'perfect foresight' concerning the start of a truly global mitigation regime, decisions of to postpone, following the logic shown by our results, include a genuine risk of not being able to reach the target.
The power sector is responsible for a large share of the GHG emissions in all scenarios. Therefore, the mitigation efforts are also likely to show themselves most clearly in this sector. Examining the electricity production in the full-efficiency scenario A2r-660, we find that mitigation changes the structures of the electricity production sector by increasing the use of emissions-free on-site technologies, large-scale centralized emissions-free technologies (especially nuclear) and add-on technologies used to reduce emissions from power plants fired with fossil fuel. In general, traditional emission-intensive solid-and liquid-based fuels are substituted by cleaner grid-based ones (e.g., electricity) produced with emissionsfree technologies. These energy carriers are also used more in the transportation sector and for heating purposes (especially with heat pumps). Fig. 5 presents the changes (compared with the full efficiency mitigation case) in electricity production for two non-participation cases. Gas is not included, since very little gas is used for electricity production after the year 2050 in A2r-660.
Although the non-participation mitigation cases have a similar tendency to move toward cleaner technologies as that in the full-efficiency scenario, some clear differences can also be observed, especially through the duration of the regional postponement of action. In the short term, coal-based electricity production is clearly increased in both of the non-participation cases shown in Fig. 5 . This increase in coal-based electricity production continues for several decades beyond the point after which the initially Additionally, in the case of CPA3, this increase in capacity and use of coal for electricity production is achieved with conventional coal power plants with a single steam cycle. Hence, the more advanced coal power plants, mainly integrated gasification combined cycle (IGCC), penetrate the markets in this region decades after they do in the A2r-660 case, in which they dominate other coal power plants from quite early on. Furthermore, carbon capture technologies are also slower to penetrate, since the conventional coal power plants require post-combustion capture technologies, which are not nearly as competitive as the pre-combustion technologies that can be used with the more advanced IGCC plants. Finally, this large increase in coal use also implies a much slower overall structural change in the regional energy system toward low-carbon technologies. In the region CPA, the shares of carbon-free energy and of total emissions are comparable to the levels in A2r-660 only by 2050. Again, although similar effects are observed with scenarios based on baseline B1, the high fossil-fuel intensity of baseline A2r causes the effects presented here to be stronger.
On the global level, renewable electricity production and carbon-free primary energy use in scenarios CPA3 and NAM3 remain above the levels of the A2r-660 scenario throughout the latter half of century. This implies that more emissions reductions are made in the latter half of the century in scenarios NAM3 and CPA3 than in A2r-660. This, in turn, indicates that other regions do not completely make up for the mitigation lost because of the non-compliance of single region during the time of non-participation, but at least partly postpone the mitigation to latter periods. Finally, it seems that non-participation further increases the production of electricity and there is a small but consistent increase in total electricity produced. This may very well again be because even further emissions reductions are needed as a result of the lack of action taken in one region before 2030.
Cost of postponement of participation
The non-participation of certain regions in the climate regime has significant implications not only for the overall costs of achieving the long-term climate target, but also for the temporal and spatial distribution of these costs. The timing and the extent of these additional costs depend on the relative importance of the region that postpones its participation in the mitigation regime.
The left panel of Fig. 7 shows how the non-participation of different regions for different durations affects the overall mitigation cost. For the CPA3 scenario, mitigation costs increase for the duration of non-participation and reach a peak in 2030, the period the CPA region joins the climate regime. The increase in costs and that emissions reductions in this scenario until 2030 are below the levels of A2r-660 (see Fig. 4 ) indicate that the average cost per ton of CO 2 removed is relatively high for this duration, as is shown in the right panel of Fig. 7 . Scenario NAM3 also has lower reductions during the first three decades, but since it also has total system costs close to those of A2r-660, no such peak in average mitigation cost is experienced. In general, we observe that longer durations of non-participation of regions lead to consistently higher increases in global mitigation costs as well as higher cost peaks, which are caused by the increased efforts of other regions. Even after a region joins the mitigation scheme, annual system costs remain higher than in the global participatory scenario. This is important as it signifies that non-participation of key actors in climate regimes, even if only temporary, implies substantially higher mitigation costs and lower emissions reductions until the end of the mitigation scheme.
Non-participation can also considerably affect regional costs through the redistribution of mitigation measures, changes in trade flows and other structural changes. However, to evaluate completely the regional effects fully requires that a burden-sharing scheme be established, since emissions trading and the financial flows can play an important role in defining such costs [10] . Since we did not define any regional caps on emissions and therefore have no explicitly modeled emissions trade flows, it is difficult to fully analyze regional costs. We can, however, make some general observations concerning the development of the costs paid in a given region, even if we cannot tell who pays these costs.
The left panel of Fig. 8 indicates that non-participation of a region does not necessarily imply an increase in costs in the short term for all regions. Some regions even experience lower costs. This is to some extent, of course, dictated by our assumptions on perfect foresight and the possibility to postpone emissions reductions globally. However, we observe that in the longer term (i.e., by 2100), almost all regions have higher system costs than in scenario A2r-660. This reiterates that, although in the short term the effects, especially regional effects, can be ambiguous; in the long term, non-participation of a region indicates much higher overall costs of mitigation for most regions.
The results shown in Fig. 8 already indicate that increases in costs are likely to be a closely related to the cumulative mitigation activity of the non-participating region in the full-efficiency case. Fig. 9 shows system cost differences compared with the baselines as a function of carbon lost through nonparticipation. 9 The higher the lost mitigation efforts through postponement of participation of a region, the greater the costs of the climate regime. The stringency of the climate target together with the respective baseline defines how sensitive these cost increases are to regionally delayed participation. We observe that the A2r-850 scenario exhibits a lower cost increase compared with the A2r-660 scenario for the same amount of lost mitigation. This is because the stringent target in the A2r-660 scenario implies that a large share of the mitigation potential has to be tapped to meet the target and any loss of potential through nonparticipation of a region increases costs quickly. This effect is also clearly demonstrated by the stringent mitigation case B1-510, in which costs very rapidly increase with mitigation lost. Another interesting observation is that sometimes a slightly higher amount of mitigation lost does not automatically lead to higher costs. This indicates that there are differences between the mitigation potentials of regions not only quantitatively, but also qualitatively (i.e., some regions are able to increase their mitigation without increasing the costs significantly, while many others do not have this untapped relatively cheap mitigation potential).
Conclusion
In this paper, we analyze how delayed participation by regions can affect a long-term international climate mitigation regime. We compare and contrast an optimal climate strategy that assumes all regions contribute to mitigation efforts versus one in which particular regions opt to stay out for a certain period of time. Our approach is a scenario-based sensitivity one that imposes limits on the spatial and temporal flexibility in mitigation responses to capture fully the effects of 'incomplete' regional participation. Our analysis shows that such non-compliance can have far-reaching effects on the spatial and temporal distribution of mitigation efforts, on the development of energy infrastructures and on the estimated mitigation costs.
Delayed participation of a region generally leads to either a postponement of global emissions reductions or increased mitigation efforts by the participating regions. Of these two strategies, postponement is more common when the length of the non-participation period is shorter; and to achieve targets remains feasible even when a large emitter like China remains outside the climate mitigation regime for the next three decades. If non-compliance with the climate regime lasts over 50 years, more mitigation efforts are 'lost' and the global postponement of emissions reductions can mean that the target cannot be reached and therefore the strategy in which emissions reductions are redistributed across the participating regions is favored.
The clearest and most pervasive conclusion considering the energy infrastructures, especially for scenarios based on the fossil-heavy baseline A2r, is that the use of coal, especially in the electricity sector, is greatly increased through non-participation. Although this occurs in the region that does not participate in the mitigation regime, the effect perpetuates to the global level. In the non-participating region, this large investment in conventional coal technologies creates a large inertia in the energy system. This prevents the region from quickly moving into a more carbon-free energy-production portfolio after it has rejoined the mitigation regime. It takes several decades to overcome this inertia caused by the regional postponement of participation.
We find that, over the full century, non-participation always leads to an increase in mitigation costs on the global scale-emissions reductions that were not made during the time and in the region where they would have been optimal have to be redistributed and abated using options that lead to higher mitigation costs. The average cost over the century for a ton of CO 2 mitigated can increase as much as 40% because of the non-comprehensiveness of the mitigation regime. The extent of these additional mitigation costs depends on the significance of the non-participating region (in terms of mitigation potential) and therefore on the extent of 'lost mitigation', but also on the climate target and on the underlying baseline. These results illustrate the importance of both the baseline and the target as indicators of the flexibility available for redistribution of mitigation.
In general, our results stress the significance of establishing international climate regimes that involve a large number of players from the beginning. Regionally incomplete regimes lead to additional mitigation costs and delays in technological transitions and can thus prove inefficient and potentially harmful in the long run.
We conclude with some methodological notes and suggestions for further work. Mitigation analysis so far has tended to focus on all-efficient mitigation regimes, in which regions either contribute fully from the beginning or in which a burden-sharing scheme is used and regional time-dependent caps allow delayed action by some regions. We present here an initial step toward including some uncertain aspects of climate agreements in the mitigation analysis by using a more flexible approach, in which mitigation measures are redistributed across time periods and regions because of the non-participation of a region. While we do not include any burden-sharing scheme here, which thus renders regional cost calculations incomplete, to account for the monetary flows from the trade of emissions permits would not alter our results in any way, except altering regional costs. Given the complexity of the issues, further techniques, like agent-based modeling, more complex regional participation strategies, or the use of limited foresight, could prove useful for broadening the analysis of the effect of regional non-participation in climatemitigation regimes beyond the sensitivity analysis presented here.
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